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In Campoletis sonorensis Ichnovirus (CsIV), the repeat element genes constitute a gene family of 28 members. In the
present work, we document the presence of members of this gene family in two additional ichnoviruses, Hyposoter didymator
Ichnovirus (HdIV) and Tranosema rostrale Ichnovirus (TrIV). Two repeat element genes, representing at least one functional
gene, were identified in TrIV, whereas HdIV was found to contain at least three such genes. In both HdIV and TrIV, the known
repeat element genes are encoded on single genome segments, with hybridization studies suggesting the presence of other,
related but as yet uncharacterized genes. The HdIV and TrIV repeat element genes are all transcribed in infected caterpillars,
although differences exist among genes in levels and in tissue specificity of expression. A heuristic tree was generated
indicating that the repeat element genes are more similar within a species of wasp than between species, with TrIV genes
being more closely related to the CsIV than to the HdIV genes. These results suggest that the most significant duplication,
divergence, and expansion of the repeat element genes occurred after speciation. The finding that repeat element genes
form an interspecific family within the genus Ichnovirus supports the view that the proteins they encode play an importantINTRODUCTION
Polydnaviruses are unusual dsDNA viruses associ-
ated with parasitic wasps belonging to the families Ich-
neumonidae and Braconidae. The segmented polydna-
virus genome is maintained as a provirus integrated in
wasp chromosomes. Viral replication is restricted to the
wasp ovary with viral particles accumulating in the lat-
eral oviducts until injection into lepidopteran hosts dur-
ing oviposition. Viral replication is not detected in in-
fected lepidopteran cells but viral genes are expressed.
Polydnavirus gene products are responsible for several
of the physiological modifications observed in parasit-
ized caterpillars, such as immune suppression (reviewed
in Beckage, 1998), alteration in the levels of developmen-
tal hormones (reviewed in Cusson et al., 2000), and
inhibition of host protein translation in the fat body
(Shelby et al., 1998; Shelby and Webb, 1997). For several
polydnavirus species, genes expressed in the parasit-
ized lepidopteran larva (i.e., genes that are putatively
involved in altering host physiology) have now been
identified (Be´liveau et al., 2000; Johner et al., 1999;
1 These authors contributed equally to this work.
2All rights reserved.Trudeau et al., 2000; Varricchio et al., 1999; Webb, 1998;
Yamanaka et al., 1996). Interestingly, within a given polyd-
navirus, some expressed genes display extensive se-
quence similarities, suggesting that they are members of
viral gene families. For example, a glycine- and proline-
rich gene family has been identified in Hyposoter didy-
mator Ichnovirus (HdIV) (Volkoff et al., 1999), whereas the
genome of Campoletis sonorensis Ichnovirus (CsIV) has
been shown to harbor at least two gene families, the
cys-motif genes (Cui et al., 2000; Dib-Hajj et al., 1993) and
the repeat element genes (Hilgarth and Webb, 2002a,b).
Thus, it appears that gene families are a common, per-
haps predominant, feature of polydnavirus genomes.
The repeat element genes, recognized by the pres-
ence of an imperfectly conserved 540-bp repeated
element, were first described by Theilmann and Sum-
mers (1987) in CsIV. Hilgarth and Webb (2002b) de-
scribed a total of 28 known and predicted repeat element
genes from the CsIV genome, with repeat sequences
arranged singly or in direct tandem arrays. The predicted
CsIV repeat element genes are distributed among 10
different genome segments with discernable evolution-
ary distinctions between single-repeat and multiple-re-
peat containing genes. Five repeat element genes arerole in ichnovirus biology. © 2002 Elsevier Science (USA)
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known to be expressed in the lepidopteran host (Theil-
mann and Summers, 1988), whereas at least three arescriptio
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also transcribed in the wasp host, but evidently at lower
levels (Hilgarth and Webb, 2002a). These repeat element
genes encode proteins with highly significant sequence
similarity. Although the function of these genes has not
yet been elucidated, their high abundance in the CsIV
genome suggests that they may play an important role.
Here, we report on the identification of repeat element
genes in two additional ichnoviruses, HdIV and the
Tranosema rostrale Ichnovirus (TrIV), a finding support-
ing the view that the repeat element proteins play a
critical role in ichnovirus biology. Two repeat elements,
representing at least one functional gene, have been
identified in TrIV, while HdIV contains at least three
repeat element genes. In TrIV, the described repeat ele-
ment genes are encoded on a single genome segment
while in HdIV, these related genes are found on closely
related genome segments. The findings reported herein
reveal the existence of a conserved polydnavirus gene/
protein family present in multiple species. This gene
family provides clear genetic evidence of a relationship
among ichnovirus species and may help to elucidate the
phylogenetic relationships between ichnoviruses and
other viruses/organisms.
RESULTS
HdIV genome segment E encodes three putative
repeat element genes
Polydnaviruses can infect insect cells in culture, lead-
ing to the production of viral transcripts in a manner
similar to that observed in parasitized lepidopteran lar-
vae. Using cDNAs generated from such transcripts, we
were able to identify repeat element genes in HdIV. Thus,
among several polydnaviral cDNAs corresponding to
mRNAs extracted from HdIV-infected Sf9 cells, 24 h after
infection (Volkoff et al., 1999), one (C28) generated four
hybridization signals when used as a probe against
undigested HdIV DNA in Southern blot analysis. Two of
these bands were identified as the superhelical and
open-circular forms of a 4.6 kb HdIV genome segment
designated E (Fig. 1A, lanes nd; for the picture shown,
the probe was segment E but identical results were
obtained with C28). Segment E was PCR-amplified using
C28-specific primers, HdCS3 and HdCS5, and then
cloned and sequenced. The HdIV genome segment E is
4644 bp long and contains three putative open reading
frames (ORF), including the one corresponding to the
C28 cDNA (GenBank Accession No. AF364055; Fig. 1C).
Dot-plot analysis (Lasergene; data not shown) of the
segment E sequence revealed that the predicted ORFs
were related. In a BlastX search through nonredundant
databases, the predicted translation products of all three
ORFs showed significant similarity to the protein en-
coded by the CsIV BHv0.9 repeat element gene (Gen-
Bank Accession No. M23437; named CsBrep1 in the
present article). In view of this similarity, the three puta-
tive genes were designated HdErep1 (corresponding to
C28), HdErep2, and HdErep3 (Fig. 1C), with respective
BlastX values of 4e24, 4e19, and 5e26 for similarity with
CsIV CsBrep1.
Only 45% of the genome segment E corresponds to
coding sequence. The HdErep1, HdErep2, and HdErep3
ORFs are 678, 735, and 693 nt long, respectively; they
encode putative proteins of 225, 244, and 230 amino
acids, with predicted molecular weights of 26, 28, and 27
kDa, respectively. The ATG codons are in a context fa-
vorable to translation initiation, according to Kozak
(1989). No consensus for TATA box or CAAT box is found
upstream of the three ORFs. In the 3UTR, a polyadenyl-
ation signal AATAAA is present for all three ORFs. Intron
sequences are not predicted, which was confirmed by
sequencing of the 5 and 3RACE products (see below).
The three ORFs display 32% overall nucleotide identity.
Compared in pairs, overall identities are 49, 48, and 45%
for HdErep1/rep2, HdErep2/rep3, and HdErep1/rep3, re-
spectively. By analogy to the CsBrep1 gene, the540-bp
repeat starts at position174 (relative to the start codon)
for the HdErep1 and HdErep2 genes, at position151 for
the HdErep3 gene. In the 5 region upstream the single
repeat, the three ORFs share 22% identical nucleotides,
while in the repeat, 35% of the nucleotides are identical,
with 42% identical nucleotides over the first 450 nt. The
highest pairwise identities, from 54 to 57%, are also seen
in the first 450 nt of the 540-bp repeat.
A variant of HdIV genome segment E also encodes
repeat element genes
The other two hybridization signals to the HdErep1
(C28) probe (Fig. 1A) corresponded to a smaller viral
segment, which was also PCR-amplified using the prim-
ers HdCS3 and HdCS5. Sequence analysis of the am-
plimer indicated that it was identical to segment E except
for a 876-bp region, termed “variable region” (flanked by
asterisks on Fig. 1C). This variable region was flanked by
a 103-nt imperfectly conserved direct repeat (78% iden-
tity) present in both segments (arrowheads on diagram,
alignment on the right, Fig. 1C). This second segment
was designated “E variant” or EVar (GenBank Accession
No. AF364056). Sequence comparison of the segment
EVar variable region with the corresponding region of
segment E (1049 nt) showed only 43.7% nucleotide iden-
tity due to several deletions in EVar (difference of 177 nt
between the two segments) and to several nucleotide
substitutions, suggestive of point mutations. The se-
quence divergence resulted in intersegmental differ-
ences in the ORFs of HdErep2 and HdErep3. The 3
region of HdEVarrep2 was shorter due to a displacement
of the stop codon, while the 5 region of HdEVarrep3
differed by several amino acids.
The restriction fragments expected from the digestion
of segments E and EVar were detected by Southern analy-
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sis of digested HdIV DNA, using segment E as a probe
(Fig. 1A; ✸, E; ✧, EVar). However, additional hybridization
signals were observed, indicating that identical and/or
similar sequences exist in other segments (Fig. 1A, ar-
rowheads). Prolonged exposure of the film to the mem-
brane revealed the presence of weaker hybridization
signals involving genome segments of molecular mass
greater than that of segment E (Fig. 1A; left-most lane,
double-headed arrow). These data suggest that addi-
tional, as yet uncharacterized, repeat element genes
exist in the HdIV genome.
Polymorphism and integration of HdIV genome
segment E
Sites at which polydnavirus DNA segments are inte-
grated into wasp DNA are marked by direct terminal re-
peats of variable length and homology (Fleming and Sum-
mers, 1991; Gruber et al., 1996; Savary et al., 1997). Variants
of genome segments can be produced as a result of alter-
nate excision of variants of the terminal repeat (Fleming
and Summers, 1991). Alternatively, segment variants could
exist at different loci in the genome and represent seg-
ments that have been duplicated recently. The latter situa-
tion could lead to duplication of repeat element genes and
allow for genetic and functional divergence.
In an effort to determine which of these two possibil-
ities accounted for the observed polymorphism of seg-
ment E, hybridization and PCR analyses were performed.
Both methods showed that the point of segment E chro-
mosomal insertion lies outside the variable region, ruling
out the hypothesis that this region would correspond to
the chromosomal integration site for both genome seg-
ments. In Southern blot analyses, some restriction frag-
ments obtained with circular viral DNA were replaced by
hybridization signals of lower mobility following diges-
tion of wasp genomic DNA (Fig. 1B, filled arrowheads),
as would be expected of an integrated, linearized seg-
ment. Analysis of the missing fragments (white arrow
heads in Fig. 1A) pointed to the region between the
EcoRI and HindIII restriction sites, within ORF HdErep3,
as the point of segment E chromosomal insertion. This
was confirmed by the analysis of the PCR products
generated from genomic wasp DNA, using two different
sets of primers: whereas the use of primers F1/R1, de-
signed to amplify the variable region immediately up-
stream of the HindIII site (see diagram, Fig. 2C) resulted
in an amplimer of the expected size, the use of primers
F1/R2, designed to amplify the putative integration site
from a point downstream of the EcoRI site, resulted in no
amplification product (Fig. 2A).
With respect to segment EVar, Southern blot analysis of
wasp genomic DNA pointed to the region between the
EcoRI and XhoI restriction sites as the region of segment
EVar chromosomal insertion. Although this region encom-
passed the EcoRI-HindIII restriction region of segment E
chromosomal insertion, the absence within the variable
region of restriction sites for the enzymes employed here
precludes the drawing of definitive conclusions about a
same excision site for both segments. Interpretation was
complicated by the unexpected presence of a PstI re-
striction fragment (Fig. 1B, ) on the wasp genomic DNA
blot, with a molecular mass apparently identical to that of
the entire segment EVar, as seen on the viral DNA blot
(Fig. 1A). This band likely reflects the presence of an-
other PstI restriction site, within the wasp chromosome,
located about 4.5 kb from the EVar PstI restriction site.
Available PCR evidence indicates that the point of seg-
ment EVar chromosomal insertion differs from that of seg-
ment E. Indeed, no segment EVar-related fragments were
PCR amplified from genomic wasp with either set of
primers (F1/R1, common to E and EVar, or F1/R-EVar, spe-
cific to EVar; Fig. 2B), indicating that the point of EVar
chromosomal insertion possibly lies between the XhoI
restriction site and the R-EVar primer. These results sug-
gest that the two segments are integrated at different
loci; however, a study of the flanking sequences will be
necessary to confirm this conclusion.
TrIV genome segment F encodes two putative repeat
element genes
Identification of TrIV repeat element genes was accom-
plished using cDNAs generated from mRNAs obtained
from infected host caterpillars, as opposed to cells in cul-
ture. In a previous study (Be´liveau et al., 2000), two TrIV
FIG. 1. HdIV genome segment E contains three repeat element genes and is integrated in wasp DNA. Southern blot analysis of HdIV (A) and wasp
genomic DNA (B), either nondigested (nd) or following digestion with EcoRI (E), HindIII (H), BamHI (Ba), SalI (S), BglII (Bg), XhoI (X), and PstI (P), using
segment E as a probe. DNA quantities loaded per lane were 4 and 2 g, for wasps and HdIV, respectively (except for HdIV lane “nd-(a),” where 4 g
were loaded). Exposure periods: 24 h for HdIV DNA, 48 h for wasp DNA. OC-E and OC-EVar: segments E and EVar in their open-circular topology; SH-E
and SH-EVar: segments E and EVar in their super-helical topology. Symbols in panel A: ✸, segment E-related fragments; ✧, segment EVar-related
fragments; , supernumerary fragments; double-headed vertical arrow, high molecular weight HdIV segments that generated a hybridization signal
when more DNA was loaded; white arrows, fragments detected only in digests of HdIV circular DNA. Symbols in B: arrow, undigested male
chromosomal DNA; black arrowheads, high molecular weight restriction fragments detected only in digests of male wasp DNA; , restriction fragment
of the same apparent size as linearized segment EVar seen in A (see text for details). Numbers on the right-hand side of B: linear DNA molecular weight
markers (kbp). (C) Restriction map of HdIV segment E showing the position of the three repeat element ORFs. Boxes represent potential ORFs,
beginning with an ATG start codon, arrows indicating the 53 3 sense. The “variable” region, for which sequences differ between segments E and
EVar, is flanked by asterisks. On the right, nucleotide alignment of the repeated sequence (corresponding to regions marked by arrowheads in diagram)
flanking the variable region. PCR primer positions are indicated with arrows.
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genomic libraries were screened with 32P-labeled DNAs
complementary to RNAs isolated from TrIV-infected Chori-
stoneura fumiferana larvae. Only one of the four families of
positive clones obtained was initially sequenced; recently,
we analyzed the remaining clones, and one had a restric-
tion fragment that hybridized to the probe initially used for
library screening (data not shown). This fragment was se-
quenced and found to contain a gene encoding a 230
amino acid protein displaying significant similarity to Cs-
Brep1, with a BLASTP value of 9e16. This gene was des-
ignated TrFrep1 (TrV3 in Cusson et al., 2001).
Southern blot analysis (Fig. 3A) of undigested TrIV DNA,
using a TrFrep1-specific probe, revealed two strong hybrid-
ization signals identified as the superhelical and open-
circular forms of genome segment F (compare with EtBr-
stained gel; Cusson et al., 1998). Additional, weaker signals
were detected when the hybridization was conducted at
lower stringency (Fig. 3A), suggesting that other genome
segments could contain TrFrep1-related sequences.
An estimation of the size of the SphI clone carrying the
TrFrep1 gene (8000 bp) combined with the pattern of
bands obtained by Southern analysis (see below) sug-
gested that it may represent the entire segment F. Over-
lapping restriction fragments representing the entire
clone were thus subjected to sequence analysis (Gen-
Bank Accession No. AF421353). The latter revealed the
existence of one additional repeat element related DNA
region on segment F, provisionally designated TrFrep2
(BLASTP value of 7e68 for similarity to TrFrep1; Figs. 3B
and 6) encompassing a 521-nt fragment (nt 3630–4151)
displaying 77% identity to the corresponding fragment (nt
4911–5432) in TrFrep1. However, its organization called
into question its status as a functional gene: the portion
over which significant similarity with TrFrep1 was ob-
served extended beyond (upstream) the putative ATG
start codon. If this is a functional gene, one possibility is
that it generates a protein that is truncated, relative to
TrFrep1. Alternatively, it could be a spliced gene, al-
though the described repeat element genes of CsIV
(Theilmann and Summers, 1988; Hilgarth and Webb,
2002a) and of HdIV are not spliced. In addition to the two
repeat element related sequences, six small putative
ORFs were identified on segment F, none of which
showed significant similarity to repeat element or other
known PDV genes; whether they are part of functional
genes remains to be determined.
FIG. 2. Integration of HdIV genome segments E and EVar. (A) PCR products obtained from HdIV and wasp DNA using two sets of primers common
to both segments E and EVar:F1/R1 and F1/R2 (represented in diagram C). Sizes of the PCR products are indicated on the left. (B) PCR products obtained
from wasp DNA (individual males, females, and ovaries) using one set of primers common to both segments E and EVar (F1/R1) and one set of primers
specific to segment EVar (F1/R-EVar) (see diagram C) compared to products obtained from viral DNA. Products were analyzed on ethidium bromide
stained gels. Sizes of the PCR products are indicated on the right. (C) Sequences used to design PCR primers for segment E are indicated with arrows.
Asterisks indicate the integration region predicted for segment E, between EcoRI and HindIII restriction sites.
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All of the restriction enzymes that digested genome seg-
ment F (EcoRI, HpaI, SspI, XbaI, HindIII, and SphI) gener-
ated a labeling pattern consistent with the restriction map
of this segment and with there being a single copy of
TrFrep1 in the TrIV genome (Figs. 3A and 3B). Under con-
ditions of low stringency, the SspI digest generated an
additional band (arrowhead) with a mobility corresponding
to a fragment of TrFrep2. However, the mobility of the
additional faint band observed in the XbaI digest (arrow-
head) did not correspond to any predicted fragment.
The HdIV and TrIV repeat element genes are
transcribed in the lepidopteran host
Patterns of expression of the ichnovirus repeat ele-
ment genes in the infected lepidopteran host were ana-
lyzed by Northern blot or RT-PCR.
FIG. 3. TrIV genome segment F contains 2 potential repeat element genes. (A) Southern analysis of undigested and digested TrIV DNA using a
TrFrep1-specific probe, under both high- and low-stringency conditions. In the left-most lane, undigested TrIV DNA was hybridized with 32P-labeled
viral DNA (same membrane as that used for hybridization with TrFrep1) to show the mobility of the various TrIV segments (compare with EtBr-stained
gel in Cusson et al., 1998). Abbreviations: VP, viral probe; ND, nondigested; Ba, BamHI; Ec, EcoRI; Hp, HpaI; Ss, SspI; Kp, KpnI; Xb, XbaI; Sst, SstI; Hi,
HinDIII; Sp, SphI. Mobility of MW standards shown on the right is for covalently closed circular (ccc) and linear DNA. The TrIV genome segment that
hybridized most strongly to the 32P-labeled TrFrep1 probe was identified as segment F, with the upper and lower bands seen here representing relaxed
circular (f) and superhelical (F) species of the same segment. Left-pointing and right-pointing arrowheads: additional bands observed in undigested
and digested TrIV DNA, respectively, under conditions of low stringency. (B) Restriction map of TrIV segment F showing the position of the TrFrep1
and TrFrep2 ORFs. In the latter, the white box represents the identified ORF, beginning with an ATG start codon, while the gray box encompasses
additional nucleotides encoding amino acids displaying significant similarity to TrFrep1, but lacking an ATG start codon; further upstream (black box)
lie a few additional nucleotides encoding amino acids unrelated to TrFrep1, bound by a TGA stop codon at the 5 end. The TrFrep1-specific probe
employed for the above Southern analysis is the SspI (4781–5527) fragment, encompassing most of the TrFrep1 ORF.
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The HdIV repeat element genes were expressed in
infected cell cultures as early as 4 h after infection, and
until 9 days postinfection, as well as in larvae from 1 to
8.5 days postparasitism (Fig. 4A). Northern blot analysis
indicated that HdErep1 and HdErep3 genes were abun-
dantly transcribed in infected lepidopteran cells (Fig. 4A,
rep1 and rep3 panels). On the other hand, HdErep2
transcripts were detected only in parasitized larvae and
after several days of exposure (Fig. 4A, rep2 panel),
suggesting a level of expression lower than that ob-
served for the other two genes. Moreover, because of the
sequence similarities between the repeat element
genes, detection of HdErep2 transcripts over prolonged
exposure times could be due to cross-reacting hybrid-
ization. Indeed, cross-hybridization controls revealed a
faint hybridization signal from both HdErep3 and
HdErep1 using a HdErep2-specific probe, but no cross
hybridization between HdErep1 and HdErep3 fragments
(data not shown). Because of the difficulty in detecting
HdErep2 transcripts by Northern blot analysis, expres-
sion of the genes was verified by RACE experiments with
RNAs extracted from HdIV-infected cell cultures. For all
three genes, 5RACE and 3RACE products of expected
size were obtained and verified by sequencing (Fig. 4B).
Thus, HdErep1, HdErep2, and HdErep3 transcripts were
790, 1029, and 936 nt, respectively (Fig. 4B). These re-
sults confirmed expression of the HdErep2 gene in in-
fected lepidopteran cells, though probably at a lower
level than that observed for HdErep1 and HdErep3
genes.
Northern blot analysis indicated that HdErep1 and
HdErep3 genes are expressed in parasitized Spodoptera
littoralis larvae over the duration of parasitoid develop-
ment (Fig. 4A). Transcripts were also detected in all
tissues tested from parasitized larvae: hemocytes, ner-
vous system, epidermis, digestive tube, and fat body (Fig.
4A, lanes H to DT and FB), but not from the parasitoid
larvae (Fig. 4A, lane Hd). For both, a weak signal was
detected in hemocytes. Interestingly, compared to the
HdErep3 transcripts, the HdErep1 transcripts were more
abundant in the nervous system (NS) and epidermis (Ep)
than in the other tissues (Fig. 4A, compare lanes H, NS,
Ep, and DT for HdErep1 and HdErep3).
With respect to TrIV, a TrFrep1-specific transcript of
900 bp was observed in all calyx fluid-injected and
parasitized C. fumiferana 6th-instar larvae (Figs. 5A–5C).
The transcript size estimated from the blot is that ex-
pected for TrFrep1, based on the length of the partial
cDNA obtained (838 bp; part of 5UTR missing) and on
the predicted length of the 5UTR (determined from an
FIG. 4. Expression of HdIV genome segment E repeat element genes. (A) Northern analysis of total RNA extracted from Sl2b cells (25 g) and
whole Spodoptera littoralis larvae (50 g) or specific tissues (25 g) at different times following infection with HdIV or parasitization by Hyposoter
didymator. The same blot was used for hybridization with HdErep1 and HdErep3 probes. The repeat element specific probes were restriction
fragments encompassing the corresponding genes, generated from the cloned segment E or the cloned C28 cDNA. For HdIV-infected Sl2b cell
cultures and parasitized Spodoptera littoralis whole larvae, RNA was extracted at various times following treatment (4 h to 9 days; 8.5 days for
parasitized larvae just before parasitoid pupation). S. littoralis larvae were parasitized by H. didymator 48 h after hatching; controls (C) were
unparasitized, 4 days old, 2nd instar larvae. Some parasitized larvae were dissected 4 days postparasitization to isolate the hemolymph (H), the
nervous system (NS), the epidermis (Ep) corresponding to cuticular epithelium and associated muscle, the digestive tract (DT), the fat body (FB), and
the developing parasitoid larva (Hd). A same amount of RNA was loaded for each lane corresponding to a given sample. Based on a comparison of
their mobility with that of RNA standards run on the same gel, size of all transcripts is in the 0.9–1.0 kb range, which is consistent with the predictions
from RACE data. (B) Schematic representation of the three HdIV repeat element transcripts according to RACE data. Lengths of 5 untranslated region
(5UTR), open reading frame (ORF), and 3 untranslated region (3UTR) are indicated for the three genes.
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analysis of the promoter region). Unlike that which has
been reported for TrV1 (Be´liveau et al., 2000), parasitized
and virus-injected larvae displayed very similar temporal
patterns of TrFrep1 transcription, with peak transcription
observed 1 day after injection or parasitization (Figs. 5A
and 5B). In a tissue-specific analysis, the bulk of TrFrep1
transcription was observed in the fat body and the cu-
ticular epithelium/muscle, with no signal detected in the
midgut and only a weak signal detected in hemocytes
24 h postparasitization (Fig. 5C).
In an effort to determine whether TrFrep2 represents a
functional gene, mRNA extracted from TrIV-injected C.
fumiferana larvae was reverse transcribed, followed by
PCR amplification using a primer corresponding to a
sequence common to both repeat elements, either in
conjunction with the Abridged Universal Amplification
Primer (containing a sequence present in all reverse
transcription products) or with a primer specific to either
one of the two repeat elements. Amplimers of the ex-
pected sizes were obtained with all three primer combi-
nations. Digestion of the 710-bp amplimer (generated
using primers common to both repeat elements) with
TrFrep1-specific enzymes (EcoRI or HindIII) yielded the
expected products, but a faint 710-bp signal remained
detectable, possibly representing a transcript generated
by TrFrep2. Similarly, digestion of the TrFrep2-specific
168-bp amplimer with XhoI (specific to TrFrep2) yielded
the expected products (data not shown). These results
indicate that a repeat element gene other than TrFrep1 is
transcribed in TrIV-infected C. fumiferana larvae, albeit at
a lower level. However, whether this transcript is gener-
ated by TrFrep2 or by a close homolog on another TrIV
segment remains to be determined.
Sequence similarities among ichnovirus repeat
element genes
The ClustalX alignment shown in Fig. 6 provides a
comparison of the predicted proteins encoded by the
repeat element genes from HdIV genome segment E,
TrIV genome segment F, and CsIV genome segments B
(CsBrep1) and I (CsIrep1, CsIrep2, and CsIrep3; Hilgarth
FIG. 5. Northern analysis of RNA (total) extracted from whole 6th-instar Choristoneura fumiferana larvae or specific tissues, at different times
following parasitization by Tranosema rostrale or injection of its calyx fluid. The TrFrep1-specific probe was the same as that used for Southern
analysis. (A) Larvae were injected with 0.5 FE of calyx fluid (in 1 l saline) or 1 l saline, 24 h after the molt to the 6th instar. At various times following
treatment (4 h to 9 days), subgroups of larvae were chosen for RNA extraction. (B) Larvae were parasitized by T. rostrale 24 h after the molt to the
6th instar; control larvae were unparasitized animals of the same ages. Sampling for RNA extraction was conducted as in (A) except that no control
larvae were available beyond the 5-day sampling point (they had all pupated). (C) Larvae were parasitized as in (B), and bled and dissected 24, 48,
and 72 h postparasitization to isolate the hemolymph (HL), the midgut (MG), the fat body (FB), and the cuticular epithelium and associated muscle
(CE & MU). The picture shown under each blot represents the same membrane that was rehybridized with a Physarum polycephalum ardB actin
(Hamelin et al., 1998) probe to monitor the amount of RNA present on the blot; in the case of (C), the membrane was also rehybridized with the
Coprinus cinereus rDNA pCc1 clone (Wu et al., 1983) as transcription of actin tends to vary from one tissue to another (note the much higher level
of actin transcription in the CE & MU lanes than in the other lanes, likely due to the presence of muscle tissue). Size of transcripts based on a
comparison of their mobility with that of RNA standards run on the same gel.
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and Webb, 2002a). As N- and C-termini represented
more divergent regions, comparative analysis focused
on the 540-bp single repeat. Relative to the previously
described CsBrep1 protein, this region started at amino
acid 59 for HdErep1 and HdErep2, 51 for HdErep3,
50 for TrFrep1, and 40 for the truncated TrFrep2 (Fig.
6). The consensus for the single-repeat contains 145
amino acids (including gaps) and follows the pattern:
x(17,18)-F-x(2)-N-x(8)-Y-x(20)-P-x(2)-G-x(8,9)-F-x(17,18)-C-
x(7,8)-C-x(13,22)-C-(5)-H-H-x(4)-H-x(3)-W-x(4)-L-x(7,9).
Within this region, the three HdIV proteins were 25%
identical, sharing 36 amino acids. In pairwise compari-
sons, amino acids identities were 37, 39, and 41% for HdE
rep1/rep2, rep1/rep3, and rep2/rep3, respectively. If the
entire protein was analyzed, the three HdIV proteins
displayed 18% identity with pairwise identities ranging
from 26 to 31%. For the TrIV proteins, amino acids identity
inside the repeat was 66%, with the two predicted pro-
teins sharing 89 amino acids. This high identity of the
two TrIV proteins relative to HdIV or CsIV repeat element
similarities suggests that the two TrIV genes have di-
verged recently. Pairwise comparisons between TrIV and
HdIV proteins gave identities ranging from 28 to 32%
within the single repeat.
In both HdIV and TrIV predicted proteins, four cysteine
residues are conserved according to a C-x(7)-C-x(17,22)-
C-x(8)-C motif (amino acids 141–181, Fig. 6), suggesting
possible formation of disulfide bonds. The same region
also contains a conserved C- and H-rich motif, C-x(3)-
[HC]-[FY]-H-H-[FY]-C-x(2)-H-V (amino acids 172–185, Fig.
6) that suggests possible Zinc interactions. Finally, an-
other region was rich in L, P, and G residues, following a
pattern L-x(3,4)-[EK]-x-L-x-P-[LIV]-[FLS]-G(2)-[IV]-x-[PAL]-
P (amino acids 100–116, Fig. 6). None of the three pat-
terns generated significant matches in a scan of protein
databases (SWISSProt and TrEMBL).
FIG. 6. Alignment of repeat element encoded proteins. Clustal X alignment of the three HdIV (HdErep1, HdErep2, HdErep3), the two TrIV (TrFrep1
and TrFrep2, for the latter, only the sequence after the hypothetical intron is indicated), and CsIV (CsIrep1 R1 & R2, CsIrep2, CsIrep3, and CsBrep1)
predicted proteins. The beginning of the repeated element encoded amino acids is indicated by a vertical arrow; first amino acid is in bold. CsIrep1
protein contains two copies of the single repeat sequence; the amino acids encoded by the repeats are divided into repeat 1 (R1) and repeat 2 (R2).
The asterisk (*) indicates positions where absolute amino acid consensus occurs. MOTIFS indicates the consensus amino acid sequence identified
as a motif by BLOCKMAKER.
324 VOLKOFF ET AL.
All repeat element gene-encoded proteins lacked an
N-terminal signal peptide and were predicted to be in-
tracellular proteins. Indeed, preliminary experiments
with transfected Sf9 cells allowed detection of a recom-
binant-HdErep1 protein in the cellular fraction using an
anti-V5-tag antibody (unpublished observations). For all
the proteins analyzed, searches in databases revealed
no significant similarities with other known proteins or
motifs.
Phylogenetic analysis of the repeat element gene
family in ichnoviruses
A heuristic tree was generated based on the ClustalX
alignment of the different ichnovirus repeat element en-
coded proteins (Fig. 7). The tree was drawn using the
whole protein sequences, with the CsIrep1 protein hav-
ing its tandem repeated element separated in two re-
peats (R1 and R2). A similar analysis conducted with only
the amino acids encoded by the repeat sequences re-
sulted in an identical phylogenetic tree with slightly dif-
ferent bootstrap values (data not shown). Under boot-
strap analysis, the relationships among the HdIV repeat
element encoded proteins were indiscernible due to
bootstrap values for the HdIV nodes being below thresh-
old (50). As expected, the tree indicated that the three
ichnovirus species are well separated; interestingly, TrIV
genes appear to be more closely related to the CsIV
genome segment I and B repeat element genes than to
those of HdIV. Not surprisingly, the repeat element genes
are much more similar within a species of wasp than
between species. This is seen in the CsIV repeat ele-
ment genes which display a much higher intra- than
interspecific degree of similarity, with the exception of
some of the predicted repeat element genes located on
genome segment Z (Hilgarth and Webb, 2002b). These
results suggest that the most significant duplication, di-
vergence, and expansion of the repeat element genes
occurred after speciation.
DISCUSSION
In the present article, we show that the repeat element
gene family, originally described in CsIV, exists in two
additional ichnoviruses, HdIV and TrIV. This is the first
viral gene family shown to be conserved among different
ichnovirus species, although early comparative hybrid-
ization analyses were indicative of variable degrees of
genetic relatedness within polydnavirus genera (Stoltz
and Whitfield, 1992). Although common in eukaryotes,
gene families are rare among viruses. In baculoviruses,
for example, some genes, including the bro genes and a
few others, are organized in gene families, but most of
them are unique (Hayakawa et al., 2000). In contrast,
polydnavirus gene families appear to be common, having
been described in the ichnoviruses CsIV (Webb, 1998)
and HdIV (Volkoff et al., 1999), but also in the Microplitis
croceipes bracovirus (Trudeau et al., 2000). The CsIV
540-bp repeat was originally reported as being ubiqui-
tous in the genome (Theilmann and Summers, 1987).
These sequences are now known to constitute a gene
family of 28 members (Hilgarth and Webb, 2002a) that
contain the 540-bp sequence repeated singly or in
tandem arrays of up to five repeats (Hilgarth and Webb,
2002b). Here we document three repeat element genes
in HdIV encoded by genome segment E. In TrIV, one
repeat element gene, and a possible second one, have
been identified on genome segment F. Although many
fewer repeat element genes have so far been identified
in HdIV and TrIV than in CsIV, Southern blot analysis
revealed the existence of additional HdIV and TrIV seg-
ments cross-hybridizing with repeat element probes,
suggesting the existence of additional repeat element
genes in these ichnovirus genomes.
FIG. 7. Phylogenetic tree based on amino acid sequence of known
Ichnovirus repeat element genes. Heuristic tree generated by PAUP
based on the CLUSTAL X alignment of the single-repeat protein se-
quences with HdIV (HdErep1, HdErep2, and HdErep3), TrIV (TrFrep1
and TrFrep2), and CsIV (CsIrep1, CsIrep2, CsIrep3, and CsBrep1) pre-
dicted proteins (Fig. 6). Analysis predicted one tree with a total tree
length of 910. Only Bootstrap values  50% are shown. CsIrep1 protein
is encoded by two tandem repeated sequences which were separated
into repeat 1 (CsIrep1-R1) and repeat 2 (CsIrep1-R2).
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Interestingly, polymorphism of genome segment E in
HdIV was found to yield two additional slightly different
repeat element genes. This variant of segment E, re-
ferred to here as segment EVar, shares two-thirds of its
sequence with segment E and is present at lower mo-
larity in the virus population. Naturally occurring genetic
variability exists within polydnavirus populations without
apparent harm to the wasp (Fleming, 1991). Previously
reported examples of polydnavirus genome polymor-
phism consisted mainly of differences in electrophoretic
profiles of segments or restriction fragment length poly-
morphism (Stoltz and Xu, 1990). For example, in the
Hyposoter fugitivus Ichnovirus, two variants of genome
segment K were also detected but only differing by one
restriction site (Stoltz and Xu, 1990), while the two vari-
ants of HdIV segment E differ by 1 kb. We have shown
that these two HdIV genome segment E variants are
present in the circular form of the virus in all individuals
since both were amplified from the replicative tissue of
individual females (Fig. 2B, lanes 5–6). Thus, segments E
and EVar are probably two distinct genome segments as
both present distinct regions of integration. However,
since the mechanisms of PDV replication are still poorly
understood, segment EVar could derive from segment E
during one of the replication steps. Polydnaviruses have
been proposed to be amplified by a rolling circle mech-
anism used for replication by some circular DNA viruses,
such as Herpes virus (Boehmer and Lehman, 1997). In
HdIV segment E, there is a direct 103-nt repeat on each
side of the variable region. These repeats are 78% iden-
tical, with the last 16 nt perfectly conserved. The link
between this repeated sequence, the genome segment
replication, and the variable region should be further
investigated.
With respect to gene expression, TrFrep1 and the
three repeat element genes on segment E of HdIV were
shown to be transcribed in lepidopteran cells. Expres-
sion of HdIV segment EVar repeat element genes was not
investigated due to the lack of specific probes. Interest-
ingly, differences in transcription levels were observed.
As reported for the three CsIV repeat element genes
encoded by genome segment I (Hilgarth and Webb,
2002a), the HdErep2 transcripts could only be detected
by RT-PCR. In HdIV, disparities in levels of transcription
among the repeat element genes may result from differ-
ences in promoter or regulatory regions since gene dos-
age regulation cannot explain such a difference. Inter-
estingly, no consensus for TATA boxes were found on
regions upstream the HdIV repeat element genes, al-
though most of the known polydnavirus genes do have
this element (Cui and Webb, 1997b; Dib-Hajj et al., 1993),
including TrFrep1. In the parasitized host, polydnaviral
genes are rapidly expressed to varying degrees but
usually show little temporal or tissue-specific regulation
of transcription. However, exceptions have been noted.
For example, temporal patterns of TrFrep1 transcription
in parasitized 6th-instar C. fumiferana larvae (Fig. 5; peak
transcription 1 day postparasitism) were different from
those of TrV1 (Be´liveau et al., 2000; peak transcription 4
day postparasitism; same RNA used for both analyses),
suggesting differences in the regulation of transcription
of these two genes. Similarly, the three genes identified
from Chelonus inanitus Bracovirus displayed different
patterns of transcription, suggesting some regulation by
host factors (Johner et al., 1999).
Tissue-specific regulation of polydnaviral gene ex-
pression in the lepidopteran host remains a largely un-
explored area. In general, hemocytes appear to be the
predominant tissue expressing polydnavirus genes in
the lepidopteran host, even if cells in other tissues,
particularly the fat body, are also infected. TrFrep1
showed a different pattern of tissue specificity in its
expression since it is little expressed in hemocytes but
abundantly expressed in the epidermis/muscle, as pre-
viously shown for TrV1 (Be´liveau et al., 2000). On the
other hand, HdErep1 seems to be expressed to a greater
degree in nervous tissues and epidermis/muscle, which
is not the case for HdErep3. These examples illustrate
the fact that the possible involvement of host factors in
the regulation of polydnavirus gene transcription is still
poorly understood.
Thus, for each of the studied ichnoviruses, several
repeat element proteins appear to be expressed at dif-
ferent levels in their lepidopteran host. These proteins
are predicted to be intracellular but their function is still
unknown. No homology was found between repeat ele-
ment genes and known proteins. However, Schmid and
Tautz (1997) note that some functional protein modules
are yet to be discovered or may evolve so rapidly that
their homologs cannot be identified over larger evolu-
tionary distances. In the lepidopteran host larva, polyd-
naviruses are believed to disrupt the immune system,
inhibit host growth and development (Dover et al., 1988),
and alter host protein titers (Beckage et al., 1987), in
particular storage proteins (Be´liveau and Cusson, 2001;
Shelby and Webb, 1997). Since the repeat element genes
reported here appear to be little expressed in hemo-
cytes, we do not expect them to play a direct role in
immune suppression. Even though the putative proteins
described here are homologous, they may not all have
the same function. Indeed, similar proteins may possess
diversified functions in different organisms as some ho-
mologous transcription factors are known to have dis-
tinct functional roles (McClintock et al., 2001; Wegner
and Riethmacher, 2001). Organization of the repeat ele-
ment genes in gene families increases the number of
functionally active genes, as this organization provides
an efficient mechanism for generating genetic diversity
(Ohta, 2000). For example, animal toxins are often en-
coded by multigene families and appear to have diver-
sified by gene duplication and adaptative evolution (Kor-
dis and Gubensek, 2000). Conservation of a gene family
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among at least three ichnoviruses therefore suggests an
important biological function for these repeat element
genes. Given that the wasp hosts of the three ichnovi-
ruses examined here can each successfully parasitize
more than one lepidopteran host species, the possibility
that repeat element variants are required for completion
of wasp development in these different host species
cannot be discounted. A comparison of the relative tran-
scription levels of repeat element genes (of a given
ichnovirus) in different lepidopteran hosts should help
establish whether such a mechanism is indeed plausi-
ble.
Thus far, repeat element genes have been identified
from ichnoviruses associated with the ichneumonid sub-
family Campopleginae. That an ancestor gene originated
from one of the two hosts (hymenoptera or lepidoptera)
seems plausible since horizontal gene transfer, a major
evolutionary force in bacteria, is also known to occur in
eukaryotes (Campbell, 2000). In addition, viruses are
known to have evolved by capturing and using genes
from infected cells (Becker, 2000). When sequences be-
come available for host and viral genomes, comparative
studies may help in determining from which host, if any,
repeat element genes originated. Orthologs and para-
logs probably arose then from gene or gene cluster
duplication events. Indeed, more than a third of a typical
eukaryotic genome consists of duplicate genes and
gene families (Wagner, 2001). Because of the sequence
similarities among repeat element genes, intrasegment
and/or intersegment recombinational events may have
contributed to increase the number of genes within a
species. Indeed, genome segmentation confers unique
opportunities for virus recombination through exchange
of genome segments, although the polydnavirus life cy-
cle would seem to limit the potential for this type of
segment exchange (Webb, 1998).
Conservation among ichnoviruses of the repeat ele-
mentmotif suggests that important functional domains of
the proteins are likely to be conserved. Their diversity,
conservation, and expression could indicate functional
involvement in multiple physiological processes. Tar-
geted analyses of repeat element proteins singly and in




Rearing of S. littoralis larvae and H. didymator wasps,
handling of cell cultures, HdIV extraction, and infection of
Sf9 and Sl2b cells were conducted as described in
Volkoff et al. (1999).
C. fumiferana larvae and T. rostrale wasps were ob-
tained as described previously (Doucet and Cusson,
1996a,b; Cusson et al., 1998). Parasitization and calyx-
fluid injection of 1-day-old 6th instar C. fumiferana larvae
were carried out as described in Be´liveau et al. (2000)
and Doucet and Cusson (1996a,b), respectively.
Identification of repeat element-like sequences in
HdIV and TrIV
PCR amplification and sequencing of the HdIV ge-
nome segment containing repeat element like gene(s). In
an earlier study, we constructed a cDNA library from
RNAs extracted from HdIV-infected Sf9 cells, 24 h postin-
fection (Volkoff et al., 1999). The clones were sequenced
using the Abi Prism Dye Terminator Cycle Sequencing
Ready Reaction Kit (Perkin–Elmer).
To amplify the HdIV genome segment(s) containing the
gene corresponding to the cDNA named C28, two spe-
cific primers were designed: HdCS3 5-ATCCGACGCT-
GACATGACCAAG-3, and HdCS5 5-GCTGCGATAT-
CAACTAACGACG-3. Touchdown PCR amplifications
were conducted with Taq DNA Polymerase (Gibco) and
HdIV DNA as template (100–200 ng), using five cycles of
95°C, 30 s; 63°C, 30 s; 72°C, 3 min, followed by 25 cycles
of 95°C, 30 s; 60°C, 30 s; 72°C, 3 min, and a final 5 min
elongation step at 72°C. Amplification products were
recovered from low melting temperature agarose gel
using glass beads (Ausubel et al., 1995) and cloned in
3-T overhangs pGEM-TEasy vector system (Promega),
according to the manufacturer’s protocol (TM042). The
inserts were sequenced using the Big Dye Terminator
Cycle Ready Reaction DNA Sequencing Kit (Applied Bio-
systems, AbiPrism, Perkin–Elmer) in an ABI PRISM 310
Genetic Analyser (Perkin–Elmer). Overlapping nucleotide
sequence fragments were assembled using Fragment
Assembly, based on the method of Staden (1980), part of
the Wisconsin Sequence Analysis Package (Version 8 for
Unix Server, Genetics Computer Group).
Once these amplification products were sequenced,
segment-specific reverse PCR primers were designed:
for segment E, F–E 5-ATCGGGTGCGGGTAGGGTTT-
GAG-3 and R–E 5-GACGAGGGAACACTCTGGAGTG-
GAGAA-3; for segment EVar, F–EVar 5-ACGCCAGTCTAT-
TGTATCCTGTGCTA-3 and R–EVar 5-GTTACCGTCGTC-
CACCAGTTTGAG-3 (primer positions are indicated in
Fig. 1). PCR was conducted using the Advantage 2 PCR
Enzyme System (Clontech) according to manufacturer’s
protocol (PT3281-1). The cycling parameters consisted of
30 cycles of 95°C, 30 s; 68°C, 3 min, and a final 5-min
elongation at 68°C. Cloning and sequencing were per-
formed as above.
Isolation and sequencing of a TrIV clone containing
repeat element-like sequence. In an earlier study (Be´-
liveau et al., 2000), a screen of two TrIV genomic librar-
ies, using TrIV-specific cDNAs as a probe, generated
several positive clones. One of them, an 8-kb SphI clone
(containing the TrFrep1 gene, here described as a repeat
element homolog), was selected, subjected to restriction
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enzyme mapping, and partially sequenced (DNA se-
quencing service, Universite´ Laval, Que´bec, Canada).
Southern analysis
Restriction map analysis of HdIV genome segment E
and identification of chromosomal integration region.
DNA extractions and Southern blot hybridizations were
conducted as described in Volkoff et al. (2001, 1999),
respectively. Wasp DNA was extracted from AA-Hd and
K-Hd cell lines established from wasp pupae (Rocher,
unpublished observations). Genomic DNA (4 and 2 g
for wasps and HdIV, respectively) was digested with
restriction enzymes having sites distributed on the ge-
nome segment E: BamHI, BglII, EcoRI, EcoRV, HindIII,
NsiI, PstI, SalI. DNA was probed with the entire segment
E (C28 cDNA and E amplimer, the latter corresponding to
segment E, minus the HdErep1 gene region).
Identification of TrIV genome segment(s) encoding re-
peat element-like genes and assessment of copy num-
ber. TrIV DNA extraction and Southern blot hybridization
were conducted as described previously (Be´liveau et al.,
2000). The probe was a 32P-labeled 747-bp SspI DNA
fragment encompassing most of the coding region (from
nt 4781 to 5527 of the sequence; Fig. 3B) of the TrFrep1
gene. While hybridization and washes for the high-strin-
gency detection were carried out as described earlier
(Be´liveau et al., 2000), conditions for low-stringency de-
tection were modified as follows: hybridization was car-
ried out in 5 SSPE, 30% formamide, 5 Denhardt’s
reagent, and 200 g/ml denatured salmon sperm DNA
for 16 h at 43°C; three 10-min washes were performed at
room temperature using 2 SSC and 0.1% SDS, followed
by three other 30-min washes at 37°C in 0.1 SSC and
0.1% SDS. The blots were autoradiographed at80°C for
either 5 h (high stringency) or 16 h (low stringency).
PCR amplification of HdIV genome segment E related
DNA from wasp DNA
DNA was isolated from individual H. didymator wasps
(modified from Sambrook et al., 1989), 50–100 ng (1/10) of
which was used as template for PCR. Analyzed samples
consisted of male wasps (n  25), ovariectomized fe-
males, and corresponding reproductive tracts (n  15).
Amplifications were conducted with Taq DNA Polymer-
ase (Gibco) using 5 cycles of 94°C, 30 s; 54°C, 30 s;
72°C, 3 min, followed by 25 cycles of 94°C, 30 s; 51°C,
30 s; 72°C, 3 min, and a final 5-min elongation at 72°C.
The primers used were F1 5-GTACTATCGGAGAAA-
CAG-3 (180 nt before HdErep2 ORF), R1 5-GACTT-
GACGAAGCTGCGA-3 (122 nt after ATG HdErep3), and
R2 5-GATTCCGACGTCGATTGA-3 (319 nt after
HdErep3 ORF). All primers were common to segment E
and its variant segment EVar. The relative positions of the
primers are shown in Fig. 2C.
Northern analysis
Detection of HdIV repeat element RNAs. Northern blot
hybridizations were conducted as described in Volkoff et
al. (1999). Total RNAs were extracted from uninfected
and HdIV-infected Sl2b and Sf9 cells, and from control
and parasitized S. littoralis larvae, using the TRIZOL
Reagent (Gibco-BRL) according to the manufacturer’s
instructions. Infected samples were collected 4 h, 1 day,
2 days, 4 days, 6 days, and 9 days after infection de-
pending on the assay. Total RNAs were also extracted
from tissue samples collected from parasitized S. littora-
lis 4d postparasitism: hemocytes, nervous tissue (nerve
cord and head), digestive tract, epidermis (cuticular ep-
ithelium/muscle/tracheole), digestive tract (epithelium/
muscle/tracheole), and fat body. Total RNAs from 3rd
instar parasitoid larvae 3–4 days old were also collected.
The repeat element specific probes used were pC28
EcoRI fragment for HdErep1, pSHE SnaBI fragment for
HdErep2, and pSHE ScaI fragment for HdErep3. South-
ern blot analyses were performed to determine if the
probes cross-hybridized: 50 ng of each of the three
probes was hybridized with HdErep1 and with HdErep2
probes.
Detection of TrIV repeat element RNAs. The procedure
employed for Northern blot hybridization was the same
as that described in Be´liveau et al. (2000), using the
same TrFrep1 747-bp SspI DNA fragment as probe as for
the Southern analysis. Following hybridization, the mem-
branes were stripped and rehybridized with the a Physa-
rum polycephalum ardB actin (Hamelin et al., 1998) probe
to monitor the amount of RNA in each lane; for the
tissue-specific analysis, the membrane was also rehy-
bridized with a Coprinus cinereus pCc1 rDNA clone (Wu
et al., 1983) since actin transcription tends to vary among
different tissues.
RT-PCR
Detection of HdIV repeat element mRNAs: 3RACE.
The cDNA template was synthesized from 6 g of total
RNA extracted as described above from Sl2b cells, either
uninfected or 48 h p.i. The mRNA was primed with 500 ng
of QT primer (C-Q2-GAGCTCAAGC-(T)17; Frohman, 1994)
for 2 min at 70°C; reverse transcription reaction was
conducted with Superscript RnaseH-Reverse Transcrip-
tase (Gibco-BRL, Life Technologies) for 50 min at 42°C in
an oven. One 200th of the resulting cDNA pool was used
for PCR amplification. Amplification of the 3 partial
cDNA ends was conducted with the reverse primer Q2
5-CAGTGAGCACAGTGACGAGGACTC-3 and forward
gene-specific primers: 3RACErep1 5-GAGAACAAT-
GTTTTGCCTGCCTTTTC-3 (13 nt after HdErep1 ATG),
3RACErep2 5-GCTTCCAGCGTCAATGAATGTCAG-3
(50 nt after HdErep2 ATG), 3RACErep3 5-ACCGGAC-
GAGTTACCGTTGCGAG-3 (42 nt after HdErep3 ATG).
PCR amplifications were conducted with Taq DNA Poly-
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merase (Gibco) using five cycles of 94°C, 30 s; 65°C,
30 s; 72°C, 130 min, followed by 25 cycles of 94°C, 30 s;
62°C, 30 s; 72°C, 130 min, and a final 5-min elongation
at 72°C. To control that amplification products did not
arise from DNA contamination, PCR was also conducted
with RNA template in an amount comparable to that of
the cDNA. Cloning and sequencing of the 3RACE prod-
ucts were done as described above.
5RACE. The cDNA template for RT-PCR was synthe-
sized from 3 g of poly(A) mRNA, extracted with
PolyATract Isolation System (Promega) from total RNA
extracted as described above from Sf9 cells, either un-
infected or 24 h p.i. The 5 amplification of cDNA ends
was performed with the SMART RACE cDNA Amplifica-
tion Kit (Clontech), according to the manufacturer’s in-
structions (PT3269-1). For amplification, the following
gene-specific primers were designed: 5RACErep1 5-
GGGCTTCCCTCTTCCTTCTTCACCA-3 (620 nt after
HdErep1 ATG), 5RACErep2 5-CACGAGGGAACACTCT-
GGAGTGGAG-3 (722 nt after HdErep2 ATG), 5RAC-
Erep3 5-CCTTATTTCGGCCTCATCCTCGTTG-3 (620
nt after HdErep3 ATG). 5RACE products were cloned
in pGEM-TEasy vector (Promega) and sequenced
(GenomeExpress, Grenoble, France).
Cloning of TrFrep1 cDNA. One microgram of total RNA
(from calyx-fluid-injected larvae, 2 days postinjection)
was reverse transcribed using an Adapter Primer
5-GGCCACGCGTCGACTAGTAC(T)17-3 (Invitrogen Life
Technologies) containing a SpeI restriction site. The re-
action was carried out at 42°C for 1 h. One-sixth of the
reverse transcription reaction was used for PCR ampli-
fication (Be´liveau et al., 2000) with a TrFrep1 specific
primer (from nt 4881 to 4896, Fig. 3) containing a
BamHI restriction site at its 5 end (5-TCGCGGATCCAT-
GCGCATTATCATC-3) and the Abridged Universal Ampli-
fication Primer 5-GGCCACGCGTCGACTAGTAC-3 (In-
vitrogen Life Technologies) corresponding to the 5 por-
tion of the Adapter Primer. The PCR product was
digested with BamHI and SpeI and cloned in the corre-
sponding sites of the pLitmus-29 vector (New England
Biolabs) for sequence analysis.
RT-PCR detection of TrIV repeat element mRNAs. Fol-
lowing a reverse transcription step identical to that de-
scribed above, a primer (P26) corresponding to a se-
quence common to TrFrep1 (from nt 5086 to 5103)
and TrFrep2 (from nt3805 to3821) was used together
with the Abridged Universal Amplification Primer to gen-
erate a 710-bp amplicon, which was then digested with
enzymes known to cut only in TrFrep1 (EcoRI and
HindIII). Primer P26 was also used in conjunction with
primer P27, specific to TrFrep1 (complementary to nt
5416 to 5397), as well as with primer P28, specific to
TrFrep2 (complementary to nt 3973 to 3954); the two
pairs were expected to generate fragments of 330 and
168 bp, respectively. The latter product was digested
with an enzyme known to cut only in TrFrep2 (XhoI).
Nucleotide and amino acid sequence analysis
ORFs were predicted using either ORF Finder at the
NCBI website (http://www.ncbi.nlm.nih.gov) or GEN-
SCAN (Burge and Karlin, 1997) at the MIT website (http://
genes.mit.edu/GENSCAN.html). Comparisons of the ORF
sequences with sequences in nonredundant databases
(GenBank CDS translations PDB SwissProt PIR
PRF) was carried out using BLAST (Altschul et al., 1997)
Sequence Similarity Searches available at different web-
sites. Motifs were searched using GeneFIND family
identification system at Protein Information Resource
website (http://pir.georgetown.edu/gfserver/genefind.
html). The SWISS-PROT and TrEMBL databases were
scanned for the occurrence of repeat element amino
acids patterns using ScanProsite program at ExPasy
website (http://www.expasy.ch/tools/scnpsit2.html).
Multiple alignment comparisons were carried out
using the ClustalW (Thompson et al., 1994) Service at
the European Bioinformatics Institute website (http://
www2.ebi.ac.uk/clustalw). Final alignments were ad-
justed by hand to ensure that both amino acids and
nucleotides were aligned.
Cellular localization of viral gene products was pre-
dicted using PSORT (Prediction of Protein Sorting Sig-
nals; Horton and Nakai, 1997) at NIBB website (http://
psort.nibb.ac.jp).
Pile-up of the HdIV and TrIV repeat element genes
with CsIV repeat element genes
Alignments of the HdIV and TrIV repeat element pro-
teins were made to four identified CsIV repeat element
proteins (SwissProt Accession No. P17578 for CsBrep1;
Hilgarth and Webb, 2002a for the CsIrep genes). They
were done using CLUSTAL X (Thompson et al., 1997),
which was then scanned to ensure optimal alignments.
Amino acid domains encoded by the repeat portion of
the repeat element genes were identified by using Block-
maker (Henikoff et al., 1995). Phylogenetic analysis of the
predicted repeat element proteins was performed using
the PAUP 3.1 program (Swofford, 1993). The integrity of
the trees produced by PAUP were checked by bootstrap
analysis according to Felsenstein (1985).
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